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Experimental elastic-scattering angular distributions for deuteron interaction with 63Cu and 93Nb targets are
compared with calculations performed within the continuum-discretized coupled-channels (CDCC) method, in
which coupling to breakup channels is explicitly taken into account. The calculated elastic breakup cross sections
are compared with the predictions of an empirical parametrization for a wide range of deuteron incident energies.
The good agreement between the calculations and the systematics at the energies where data are available
indicates that the CDCC method permits a useful assessment of empirical parametrizations and provides useful
guidance for the extrapolation of these parametrizations beyond the energies formerly considered.
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Introduction. The description of deuteron-nucleus inter-
actions has been an important test for both the strength
of the reaction mechanism models and the evaluation of
nuclear data requested especially for fusion reactor technology.
The complexity of deuteron-induced reactions that occur at
low-incident energies, below the nucleon-binding energy, is
the result of the high enhancement of a variety of reactions
initiated by the neutrons and protons coming from the deuteron
breakup [1]. However, there are already notable contributions
to deuteron-induced reaction studies (e.g., Refs. [2–6]) that
have taken into account only the statistical emission and
eventually a “reduction factor” of the compound nucleus cross
section due to “direct processes.” Moreover, this reduction
factor does not allow the distinction between processes such
as the breakup and the stripping mechanisms that affect the
different energy ranges of particles emitted through the decay
of excited composite nuclei.
The difficulties in interpreting the deuteron-induced reac-
tion data in terms of the usual reaction mechanism models
have recently been investigated [1,7–12] and attempts have
been made to find a consistent way to include the breakup
contribution within the activation cross section calculations.
Actually, the deuteron-induced reactions at low and medium
energies have a great importance for the assessment of the
induced radioactivity of the International Fusion Materials
Irradiation Facility (IFMIF) components. Moreover, recent
calculations of deuteron activation have shown that deuterons
are more important than neutrons, due to a value of about
70 for the ratio of the deuteron- and neutron-induced activity,
respectively [13].
The physical picture of the deuteron breakup in the
Coulomb and nuclear fields of the target nucleus considers
two distinct processes, namely, the elastic breakup (EB), in
which the target nucleus remains in its ground state and
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none of the deuteron constituents interacts with it, and the
inelastic breakup or breakup fusion (BF), where one of
these deuteron constituents interacts with the target nucleus
while the remaining one is detected. Despite the important
theoretical studies devoted to the breakup processes (e.g., see
review papers Refs. [14–16] and references therein), only the
elastic breakup contribution can be accurately calculated so far
within the continuum-discretized coupled-channels (CDCC)
method [17–23]. Several attempts have been proposed in the
literature to calculate the inelastic breakup component from
the distorted-wave Born approximation (DWBA) [24–26] or
CDCC methods [27,28]. However, there is no clear consensus
among these works and a systematic assessment of the
validity of these approaches against existing data remains to
be done.
Thus, the total and inelastic breakup components are
typically estimated empirically [7,10]. For example, Kalbach
Walker [7] gives parametrizations for the total proton- and
neutron-emission breakup cross sections (σpBU and σ
n
BU),
while a second parametrization [10] considers equal breakup
contributions for proton and neutron emission but supple-
mentarily gives all the breakup components, that is, the
total (σp/nBU ), elastic (σEB), and inelastic (σ
p/n
BF ) breakup cross
sections.
The empirical parametrization of the total proton-emission
breakup fraction, σpBU/σR , where σR is the deuteron reaction
cross section and σpBU = σpBF + σEB, has been obtained [10] on
the basis of experimental systematics [29–33]. Thus, proton-
emission spectra and angular distributions from deuteron–
induced reactions on nuclei from Al to Pb at incident energies
from 15 to 80 MeV have been concerned in this respect.
However, an energy range of only 15–30 MeV has been
available for the empirical elastic breakup fraction σEB/σR sys-
tematics [31,33]. Given the interest in the deuteron-activation
cross sections for incident energies up to 60 MeV, the extension
of the elastic breakup parametrization [10] at higher incident
energies should be checked. In Fig. 1 the energy dependence of
the total, elastic, and inelastic proton-emission breakup cross
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FIG. 1. (Color online) Energy dependence of the total (thick
solid curves), elastic (dashed curves), and inelastic (dot-dashed
curves) proton-emission breakup cross sections given by Ref. [10]
and of the total proton-emission breakup cross sections [7] (dotted
curves) for the deuteron interactions with (a) 63Cu and (b) 93Nb.
The corresponding total reaction cross section is shown by the
thin curves.
sections following Ref. [10] is shown as well as the total
proton-emission breakup cross sections [7] for the deuteron
interactions with the target nuclei 63Cu and 93Nb. It results
that the predictions for the total proton-emission breakup cross
sections given by both parametrizations are close for deuteron
incident energies above ∼8 MeV, while at the lowest energies
the total proton-emission breakup cross section provided by
the latter parametrization [7] become even higher than the
deuteron total reaction cross section. However, the elastic
breakup cross sections given by the empirical parametrization
[10] decrease with the incident energy beyond the energy range
within which it was established. This trend is thus opposite to
that of the total breakup cross section. However, in the absence
of any available experimental deuteron elastic breakup cross
section at incident energies above 30 MeV, the correctness of
an eventual parametrization extrapolation may be checked by
a comparison of its predictions and the CDCC method [15,16]
results.
CDCC calculations. A detailed description of the CDCC
formalism is given elsewhere [16,17,19–22], and hence only a
brief description of the method is given here.
In the CDCC formalism, the d + target scattering process
is treated within a three-body model, comprising the two-body
projectile and the target. This three-body system is described
by the model Hamiltonian [16]
H = Kr + KR + Vnp(r) + Un(R − r/2) + Up(R + r/2),
(1)
where Vnp is the interaction between n and p, the vector r
is the proton-neutron relative coordinate, R is the coordinate
of the center of mass of the p-n pair relative to the target
nucleus, and Up and Un are, respectively, the proton-target and
neutron-target interactions, including the Coulomb potential in
the former. The operators Kr and KR are the kinetic energies
associated with r and R.
The breakup component is treated as an inelastic excitation
of the projectile due to the nuclear and Coulomb interactions
with the target. This inelastic excitation is included through
the coupling of the projectile unbound excited states in the
solution of the scattering problem by means of the coupled-
channels approach. Because the deuteron has no bound excited
states, any excitation in the p-n coordinate will break it up
into a proton and a neutron. To deal with a finite set of
coupled equations, an essential feature of the CDCC method
is the introduction of a discretization procedure, in which the
continuum spectrum is represented by a finite and discrete
set of square-integrable functions. The most widely used
method of continuum discretization is the so-called binning
method [15,16], in which the continuum spectrum is truncated
at a maximum excitation energy (E∗max) and divided into a
set of energy (or relative momentum) intervals. Each interval,
or bin, is represented by a single square-integrable function,
calculated by averaging the scattering states for the p-n
relative motion within the bin width. The use of square-
integrable functions, although not essential, is convenient
to guarantee that continuum-continuum couplings are well
behaved.
Moreover, the p-n relative angular momentum is also
restricted by considering only a limited number of partial
waves in order to deal with a finite set of coupled equations.
Finally, the three-body scattering wave function is expanded




|φi, χi〉 , (2)
where |φ0〉 is the ground-state wave function and φi (i = 0) are
the averaged (within each bin) continuum wave functions. The
radial functions χi(R) describe the projectile-target relative
motion for the elastic (i = 0) and breakup (i = 0) components.
This procedure should be regarded as a practical method
of making the problem numerically solvable, rather than an
additional approximation. In practical calculations, one has to
study the convergence with respect to the maximum excitation
energy, the number of bins, and the number of partial waves
included for the internal motion. In addition, it has been shown
that the calculated observables are essentially independent of
the discretization procedure [17,19,21].
The neutron-proton bound and continuum states are mod-
eled with a simple Gaussian interaction fitted to the deuteron
binding energy [15] and 3S1 phase shifts:
Vnp(r) = −V0e−(r/r0)2 , (3)
where V0 = 72.15 MeV and r0 = 1.484 fm. Continuum states
with orbital angular momentum  = 0, 1, and 2 for the p-n
relative motion were considered. The proton and neutron
intrinsic spins were ignored for simplicity. The calculations
were performed with the coupled-channels code FRESCO [34].
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Discussion. In the standard formulation of the CDCC
method, the three-body model space considers only the target
ground state and hence the method provides only the elastic
breakup and leaves out the inelastic breakup processes [19].
However, in order to take into account the effect of the
excluded channels, the proton- and neutron-target interactions
Up(R + r/2) and Un(R − r/2) are usually taken as the central
nuclear part of the proton and neutron phenomenological
optical model potentials (OMPs) at half the deuteron incident
energy, Ed/2. The neutron and proton global OMPs of
Koning and Delaroche [35] have been used in the present
calculations. For deuteron energies below ∼30 MeV, the
geometry parameters of the nucleon real and surface imaginary
potentials have been adjusted to obtain a suitable description
of the measured deuteron elastic-scattering angular distribu-
tions. The experimental elastic-scattering angular distributions
for deuteron interaction with 63Cu and 93Nb target nuclei
[36,37] are compared with the present CDCC calculations in
Figs. 2(a)–2(c) and 3(a)–3(d). Their rather good agreement
supports the reliability of the OMPs used in the CDCC
calculations.
Finally, the energy dependence of the elastic breakup
cross sections, provided by the excitation of the continuum
spectrum, for the deuteron interaction with 63Cu and 93Nb, is
compared with the prediction of empirical systematics [10]
in Figs. 2(d) and 3(e), respectively. The elastic breakup cross
sections corresponding to the Kleinfeller et al. systematics
(Table III of Ref. [31]) are also shown. The agreement of the
FIG. 2. (Color online) (a)–(c) Comparison of measured [36] and
calculated (CDCC) angular distributions of deuteron elastic scattering
on 63Cu at Ed = 12, 14.5, and 34.4 MeV. (d) Energy dependence
of the empirical [10] (dashed curve) and CDCC (solid line) elastic
breakup cross sections for deuteron scattering with 63Cu. The solid
circle is the value from Kleinfeller systematics [31].
FIG. 3. (Color online) (a)–(d) Comparison of measured [37] and
calculated (CDCC) angular distributions of deuteron elastic scattering
on 93Nb at Ed = 11.8, 15, 34.4, and 52 MeV. (e) The same as in
Fig. 2(d) but for deuteron scattering on 93Nb.
CDCC elastic breakup cross sections with this systematics can
be considered as the validation of the present approach for the
former. Moreover, the comparison shown in Figs. 2(d) and 3(e)
points out that the CDCC calculations lead to elastic breakup
cross sections that follow the total breakup cross-section
behavior as well as that of the reaction cross section shown
formerly in Figs. 1(a) and 1(b). Therefore the present analysis
makes clear that the extension of the empirical parametrization
of the elastic breakup cross sections beyond the energies
considered in this respect should be done with caution. The
CDCC method provides thus a first useful guidance for
the assessment of the accuracy of these extrapolations and
may help to improve existing parametrizations. Moreover,
additional experimental data concerning deuteron-activation
cross sections, inclusive proton and neutron spectra, and
deuteron elastic-scattering angular distributions are needed to
validate the theoretical calculations over enlarged energy and
target mass domains.
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